Abstract-The issue of Er 3+ excited state absorption in the Si nanocluster-Er material system is highlighted, and an analysis incorporating this interaction presented. We compare our analysis with a prior model of this material, and with regard to previously reported photoluminescence behavior. We show that excited state absorption can explain behavior that has previously been observed, but had not been satisfactorily accounted for.
S
ILICON nanocluster (nc) sensitized Er-doped silica is a material system that has generated great interest, as it holds considerable promise for practical silicon-based lasers and optical amplifiers [1] , [2] . The basic appeal behind the Si nc-sensitized Er system is simple: Using Si nc as the sensitizer to rare-earth ions enables one to take advantage of the large optical absorption cross section of silicon, which is four to five orders of magnitude larger than that of rare-earths in silica. In addition, the broad-band absorption spectrum of Si nc considerably relaxes the wavelength requirements of the pump source, allowing a wider variety of lasers, even light-emitting diodes (LEDs), to be used. Using LEDs instead of laser diodes as pump sources is extremely attractive, as it would reduce pump costs by 10-to 100-fold, extending the scope and accessibility of many more optical applications. There are numerous reports of strong 1550-nm luminescence [3] - [5] in this material system, and even some experimental reports of optical gain [1] , [6] in a fabricated waveguide. However, no lasing action has been achieved to date. In spite of considerable work to understand the underlying issues and physics [7] - [9] , key optimization parameters and their determining factors remain less than clear. It is the purpose of this work to point out a key interaction-excited state absorption-in this material system; by highlighting and analyzing it here, we believe it will help point the way forward to efficient silicon-based lasers and optical amplifiers.
II. MODEL Fig. 1 shows a commonly accepted picture describing the Si nc sensitized Er system. The Si nc is excited (transition I) and its energy transferred to the Er (II), promoting an Er ion to an upper level state (III). The ion decays rapidly and nonradiatively (IV) to the metastable state, finally returning to the ground state via optical emission (V).
It is generally accepted that the Er ions that are optically active and excitable by the Si nc lie in close proximity (within 1-2 nm) to the nanoclusters. In many reports, the Si nanoclusters, which are themselves luminescent, are found to have their broad photoluminescence (PL) peaks located between 1.5 and 1.6 eV (or a wavelength around 800 nm), which has been attributed either to the silicon-oxygen double bond at the silicon-silica interface [10] , [11] or to radiative recombination of confined excitons [12] . Regardless of the cause, spectral hole-burning studies strongly indicate that resonant energy transfer does occur from the Si to the Er in the 800-nm wavelength region [13] . However, we point out in this letter that this energy transfer route may be highly problematic, due to an excited state absorption transition that is known from early work on erbium-doped fiber amplifiers (EDFAs).
The basic reason why 800-nm excitation of erbium is unattractive can be seen from Fig. 2 : There are transitions at and around this energy (labeled VI in the figure) that can cause the Er metastable state to be excited directly to higher level states. Excitations to these states serve no useful purpose, but merely pose a debilitating energy drain: EDFAs pumped at 800 nm require about an order of magnitude more pump power to achieve the same gain as at 980 nm, a level which suffers from no excited state absorption [14] . It is the purpose of this letter to point out that a similar interaction should be occurring in many of the Si nc-Er materials reported, with similarly adverse impact.
We consider the behavior of the Si nc sensitised Er system via a rate equation analysis similar to previous reported models [8] , but which takes into account the excited state absorption. The rate equation for the Si nc can be written as (1) where represent the upper and lower Si nc population levels with is the nc absorption cross section and the pump photon flux. is the Si nc upper state recombination time, and are the Si-Er energy transfer coefficients for transitions III and VI in Fig. 2, and and are the Er population densities in the ground and metastable states, respectively. In the steady state, the Si nc PL behavior can be written as (2) We can assume to a good approximation that the relaxation processes corresponding to transitions IV and VII are rapid in comparison to both the Er metastable and Si nc recombination rates (the nonradiative decay times from the and levels down to the and levels are 1 s [14] . For scientific clarity, we limit consideration to the case of relatively low erbium ion concentrations ( cm ); this allows us to separate effects due to excited state absorption from complications due to Er clustering effects, such as cooperative upconversion and concentration quenching. Finally, we note that the Er metastable lifetime is at least an order of magnitude longer than the Si nc counterpart (several ms versus 100 s). Therefore, even at relatively low pump powers (0.5 W/cm at 488 nm ), the Er ions will be in saturation. Under these conditions, we will have and , where is the total number of Er ions. Equation (2) then simplifies readily to (3) It is not difficult to show that the corresponding Er 1550-nm PL can be written as (4) 
III. RESULTS AND DISCUSSION
From the above relationships, we note the following behavior: The Si nc PL increases directly with the Si nc concentration, but decreases in an inverse manner with the Er ion concentration. The Er 1550-nm PL, on the other hand, is driven simply by the Si nc-Er energy transfer through the Er ground state, and is effectively oblivious to activity relating directly to the excited state energy transfer, other than through reduced efficiency.
It is useful to compare the behavior described by (3) with data already reported in the existing literature. A substantial decrease in the Si nc PL with increasing Er ion concentration has often been observed [4] , [8] , [15] , but to the authors' knowledge, the correct reason for this behavior has yet to be satisfactorily provided. The confusion may be due in part to the fact that much of the work in this area has involved samples with high Er ion concentrations ( cm ); the overall PL behavior is then masked by Er cooperative upconversion effects. Thus, in the work of Pacifici et al. [8] , the model considered cooperative upconversion but ignored excited state absorption. While reasonable agreement with experiment could be claimed for high Er concentrations where ion clustering effects dominate, their predicted Si nc PL behavior for low Er concentration ( cm ) is basically flat, largely independent of Er concentration (Fig. 3 of [8] ), in contrast to observed erbium-related quenching of nc PL even for concentrations cm . From a physical viewpoint, it is not difficult to see why: In the absence of excited state absorption and ion clustering, the Er ions are easily driven into saturation, and are overwhelmingly in the metastable state. The steady state transfer of energy from the Si nc to the Er ions under these circumstances would be very small, restricted by the long (ms) Er metastable state decay time. With the Si nc-Er energy transfer route effectively shut off due to Er saturation, it is largely left to the much faster radiative recombination of the Si nc to dissipate the pump energy. Changes in the Er ion concentration would therefore have only a minor impact on the Si nc PL under the previous model.
With the inclusion of Er excited state absorption, the impact of Er concentration on the Si nc PL is much greater, as the Er ions act as a constant drain of energy from the Si nc by cycling through transitions VI and VII. The Si nc PL behavior at low Er concentrations was carefully characterized by Fujii et al. [15] , and we compare our model to their data here. Fig. 3 shows the predicted behavior from (3), with the experimental data from [15] . We see that there is quite good agreement, with some deviation occurring for the highest Er concentration data point that could be due to the onset of Er ion clustering. We emphasize that without excited state absorption, it is difficult to account for the observed large decreases in the Si nc PL. The fit also enables us to estimate the value of , the Si-Er energy transfer coefficient for the excited state transition. We obtain a value for of cm /s, comparable in magnitude to the Si-to-Er ground state energy transfer coefficient , which has previously been determined [8] at cm /s. The energy drain posed by this excited state transition is, therefore, of more than just minor significance, and should not be ignored in the design of this material system. Finally, it is worth noting that our finding is also consistent with the early work from EDFAs: Under 800-nm excitation, the Er excited state absorption cross section was measured to be comparable to the ground state absorption cross section as well.
IV. CONCLUSION
In summary, to achieve efficient gain operation and viable optical amplifiers and lasers, the Si nc-Er material system should be optimized in order to avoid the Er excited state transition associated with resonant energy transfer at the 1.5-1.6 eV (800-nm wavelength) region. This might not prove to be too difficult, once it is recognized as an issue: Recent work on shifting the luminescence spectra of Si nanocrystals indicates that doping with phosphorus or boron may be a simple but effective means of bandgap engineering the peak wavelength of the Si nc PL spectrum [16] . If the Si nc PL can be shifted to the 980-nm (1.2 eV) region, the prospects for efficient optical amplifier and laser operation based on the Er-Si nc material system could be boosted considerably.
